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Adult skeletal muscle has the remarkable capacity to regenerate after injury, mainly due to satellite cells which represent a population of adult myoblasts that remain normally quiescent (34) . Following muscle damage and the initial step of necrosis and phagocytosis of injured myofibers, satellite cells are activated, then rapidly proliferate, fuse and differentiate to form new myofibers or to repair damaged ones (1) . This sequence of cellular events is accurately regulated, especially by the myogenic regulatory factors (MRFs), which are members of a family of basic helix-loop-helix proteins that act as transcription activators and regulate the transcription of muscle-specific genes (29, 42) . MyoD acts as an early MRF mainly involved in satellite cell activation and proliferation, while myogenin is a late-acting MRF, expressed during differentiation (3) . The last step of muscle regeneration consists of the maturation step leading to functional muscle, which includes the recovery of both mature phenotype and muscle mass.
Among the numerous growth factors involved at the onset of the regeneration process, the insulin-like growth factor I (IGF-I) is known to stimulate satellite cell proliferation and differentiation and to increase muscle protein synthesis (16, 41) . IGF-I activates the phosphatidylinositol-3-kinase (PI3K)-protein kinase B (Akt) pathway, which is necessary and sufficient to induce skeletal muscle hypertrophy (20) . Akt phosphorylation regulates the catabolic pathway by preventing the induction of muscle-specific ubiquitin ligases such as atrogin-1, also known as muscle atrophy F-box (MAFbx), and muscle ring finger 1 (MuRF1) (44) . Akt also activates the anabolic pathway by phosphorylating the mammalian target of rapamycin (mTOR) (37) ; mTOR then stimulates translation initiation via activation of the translation regulators p70 s6k and the eukaryotic initiation factor-4E (eIF-4E) complex, after phosphorylation of eIF-4E-binding protein-1 (4E-BP1), one of the main translational inhibitors (19) .
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Cell growth depends on a high rate of protein synthesis and consequently requires a high level of cellular energy. The major sensor of cell energy status is the AMP-activated protein kinase (AMPK), which is activated in response to low cellular energy and then downregulates energetically demanding processes such as muscle protein synthesis, through mTOR inhibition (4, 24, 27) . Thus mTOR appears to have an important and central function in integrating a variety of signals, from those related to the cellular energy state to those dependent on the presence of growth factors, peptides or nutrients, resulting in the control of muscle mass by regulation of cell number and size (40) . Moreover, the Akt/mTOR signaling pathway has been involved in the regeneration process and its activation is known to increase the muscle fiber size in regenerating rat skeletal muscle (36, 38) . IGF-I is also able to activate specific mitogen-activated protein kinase (MAPK) pathways, such as the Ras-Raf-MEK-ERK pathway which is crucial in mitosis-competent cells for cell proliferation and cell survival (2, 35) . Another MAPK protein, namely p38, has been shown to play an important role in cultured cells to induce terminal muscle cell differentiation (30) . However, the role played by ERK and p38 pathways during the regeneration process following extensive muscle damage is still unknown and needs to be examined.
The recovery of muscle mass after severe muscle damage is a very long process. After myotoxic-induced muscle degeneration in rats, more than 56 days are needed to recover muscle mass under control conditions (15) . The maturation of regenerating fibers appears to be under the influence of numerous external factors, among them neural influence (38, 46) and mechanical loading (13) . Because muscle contractile activity involves biological signals related to both motor nerve activity and mechanical stress (17) , it is logical to speculate that physical activity should have beneficial effects on muscle growth. This putative beneficial Page 4 of 44 /5 effect of contractile activity has been previously examined during regeneration after either grafting (47) or myotoxic-induced muscle degeneration (14) . Using these two different means of muscle degeneration, results were controversial and the specific effects of increased contractile activity on the recovery of muscle mass remain to be examined carefully. In the current study, we hypothesized that increased muscle contractile activity by running exercise could favor the recovery of muscle mass after extensive injury and our objectives were to determine the main molecular mechanisms involved.
To test this hypothesis, we compared the recovery of muscle mass at days 5, 7, 14, 21, 28 and 42 after notexin-induced degeneration of soleus muscle in rats either kept sedentary or exercising daily as soon as three days after muscle injury. In order to highlight the intracellular mechanisms involved in the regeneration process and the recovery of muscle mass, we studied the time course of changes in protein levels of the Proliferator Cell Nuclear Antigen (PCNA) as a marker of initial cell proliferation and MRFs (i.e. MyoD and myogenin). Moreover, we examined the phosphorylation states of the Akt/mTOR, p38 and ERK-1/2-MAPK pathways, and of the catalytic subunit of AMPK. We also analyzed the transcript levels of the atrogin transcription factors MuRF1 and MAFbx. 
Material and methods
Animals
Female Wistar rats initially weighing 180-200 g were purchased from Charles River Laboratories (L'Arbresle, France). Animals were housed 2 per cage in a thermoneutral environment (22 ± 2°C) on a 12:12 h photoperiod and were provided with food and water ad libitum. This investigation was carried out in accordance with the Helsinki Accords for Human Treatment of Animals during Experimentation and approved by the local Animal Ethics Committee. Female rats were used in this study because, in contrast to males, they increase their food intake to compensate for the increased energy expenditure caused by running exercise. The body weight growth rate of exercised female rats is similar to that of sedentary, and it is then possible to compare muscle mass of freely-eating exercised and sedentary rats of the same body weight. Moreover, many previous studies showed that in rodents, females run more easily than males.
Experimental design
All the rats underwent 5 days of treadmill acclimatization (10 min a day, 12 m.min -1 ). After 24 h resting, at day 0 of the experiment (D0), degeneration of the left soleus muscle was induced by notexin injection. After 3 days recovery, animals were divided in two main groups, active (Act) and sedentary (Sed) (n=48 in each group). Active rats were submitted to practice a daily forced treadmill running exercise 5 days a week and were placed into individual cages for voluntary exercise. Sed rats were kept in a normal cage, without any programmed activity. Eight animals of each group were then anesthetized for tissue sampling and killed 5, 7, 14, 21 28 and 42 days after initial muscle injury (D5, D7, D14, D21, D28, D42, respectively).
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Notexin injection
Rats were anesthetized with sodium pentobarbital (60 mg.kg -1 ) and left soleus (SOL) muscle degeneration was induced by notexin injection (0.2 ml, 10 Ng.ml -1 ) isolated from snake venom (Notechis scutatus, Latoxan, France) directly into the belly of the muscle surgically exposed, as previously described (15) . Because the blank surgery did not induce any specific alteration in muscle tissue, no surgical procedure was done on the right SOL, which served as an intact control. The effects of physical conditioning were then studied in regenerating SOL muscle (Reg), in comparison with contraleral intact non-injured muscles (Int).
Voluntary and forced exercise procedures
Active rats were placed into individual plastic cages (26 cm width x 50 cm height x 40 cm length), with access to purpose-built running wheels. The wheels were attached vertically to a freely rotating shaft (30 cm diameter and 8 cm width), inserted into an incremental position encoder (GHM5, Ideacod-Automation SA, Strasbourg, France) producing a current proportional to the running speed. The voltage output was dampened through a series of resistors and sent to a dual-channel chart recorder. Electronic signals were stored in a computer and provided measures of the total distance run per hour and daily. A constant load was attached to the wheel so that a torque of 0.04 Nm was necessary to overcome wheel inertia. The torque was maintained at this value throughout the experiment. ), time (from 1 to 2 hours) and slope (from 5 to 8%).
Tissue processing
Animals were anesthetized with sodium pentobarbital (90 mg.kg 
Histomorphometric analyses
Serial transverse sections (12 Nm thick) were cut from the mid-belly portion of SOL in a cryostat microtome maintained at -20 °C and stained with hematein, eosin and safran (HES) in order to visualize nucleus, cytoplasm and adipose tissue at each time of recovery. To determine the whole muscle cross-sectional area, photographs of the entire muscle were taken at low magnification. Moreover, 20 to 30 photographs at high magnification, covering the entire muscle section, were used to determine the cross-sectional area of at least 1,000 fibers in each muscle sample at D21 and D42, for both Int and Reg muscles. The total number of myofibers was calculated by dividing whole muscle cross-sectional area per the mean of fiber cross-sectional area for each muscle at D21 and D42. Analyses were performed with a light microscope computerized image analysis system (Lucia 5, Laboratory Imaging, Prague, Czech Republic).
Protein isolation and immunoblot analyses
Ten to 20 mg of muscle were lysed with the appropriate buffer and homogenates were all centrifuged at 15,000 g for 15 min at 4°C. Equal amounts of muscle protein (12 Ng for PCNA, 50 Ng for myogenin, Akt, mTOR, and 4EB-P1, 75 Ng for MyoD, p70 Pharmacia Biotech, Orsay, France) and then exposed to X-ray film (Hyperfilm ECL, Amersham Pharmacia Biotech). The relative protein expression was determined by the ratio of sample band intensity to internal standard band intensity by densitometry, using the densitometer GS 800 driven by Quantify One 4.6.1 (BioRad, Marne-la-Coquette, France).
To determine the phosphorylation state of specific markers of some intracellular signaling pathways, both phosphorylated and total proteins were studied on the same blot, once using the antibody against the phosphorylated protein and, after membranes were stripped [with 2 % SDS; 12.33 % Tris 0.5 M, pH = 6.7 and 0.072 % 2 -mercapto-ethanol for 30 min at 50°C], once again using the antibody against the total protein.
Immunoblot antibodies
The following antibodies were used: mouse monoclonal antibodies against myogenin (1:500, 
mRNA isolation and Reverse Transcription reaction
Frozen muscle samples of 10 mg were disrupted in 50 volumes of TriZol™ (Eurogentec, Seraing, Belgium) with a Mixer Mill MM300 (Rescht, Haan, Germany) for 2 x 30 s (30 Hz).
tRNA were isolated from an adapted protocol as previously described (6) 
Primer design
Oligonucleotide primers used in this study were designed with MacVector software (Accelrys, San Diego, USA) as previously described (39) and synthesized at Eurogentec (Seraing, Belgium) ( Table 1 ). Primers for internal control genes were previously described (12) . Specificities of the PCR amplification were documented with LightCycler melting curve analysis. Melting peaks obtained from either RT-product or specific recombinant DNA were identical.
Real time quantitative PCR
PCR was carried with LC Fast Start DNA Master SYBR Green kit (Roche Applied Science, Table 1 ) for 5 sec, and a final step of 10 sec at 72°C. Crossing point values were calculated from LightCycler Software v.3.5 (Roche Applied Science) using the second derivative maximum method. Quantification was achieved using a pool of all the cDNA samples as a calibrator, according to the comparative threshold cycle method (32) .
Value obtained for each target gene was compared to the value of 3 internal control genes (CycA, GAPDH and ß-actin), and then normalization was done by calculating the geometric average of these three values. Expression stability of 6 potential reference genes (ß-actin, ARBP, CycA, GAPDH, HPRT and MAPK-14) was initially assessed using GENORM software (45) . Gene-stability ranking from less to most stable genes was HPRT, MAPK-14, ARBP, CycA and GAPDH or ß-actin. Pairwise variations of CycA, GAPDH and ß-actin were below 0.15, the threshold below which the inclusion of an additional control gene is not required. CycA, GAPDH and ß-actin were therefore used for normalization of all target genes.
Statistical analysis
All data are presented as means ± SEM. Data were analyzed using a three-way analysis of variance, to determine the main statistical effects of recovery over time, injury and activity, and interactions between those factors. When appropriate, differences between groups were tested with a Newman-Keuls posthoc test, especially to compare values measured during muscle regeneration with those observed in contralateral non-injured muscles. Statistical significance was accepted at P<0.05. 
Results
Running distances
During the first week after muscle injury (D3 to D7), the average daily running distance was 933 ± 98 m and 1390 ± 240 m for voluntary and forced exercise, respectively (Fig. 1) . The mean daily distance increased to 3231 ± 320 m and 4359 ± 578 m for voluntary wheel running, and to 2029 ± 306 m and 2790 ± 234 m for treadmill exercise, during the second and third week, respectively. The mean daily distance of voluntary wheel running exercise decreased by 22%, 41% and 18% during the fourth, the fifth and the sixth week, respectively, whereas the mean daily distance run during forced exercise slightly increased during these two last weeks to 3550 m. Moreover the intensity of the forced running exercise increased from the beginning of the fifth week, due to the increase of the slope of the treadmill from 5% to 8%.
Body and muscle weights
The mean body weight of rats was similar in the two groups when muscle degeneration was induced by notexin injection. There was a global effect of time on the body weight of animals, consistent with the expected growth rate (P<0.001). Physical activity had no significant effect on rats body weight (data not shown).
There was no specific effect of running activity on intact (Int) SOL weight. The regenerated (Reg) muscle weight was normalized and expressed as the ratio of the weight of Reg muscle to the weight of contralateral Int muscle. Reg muscles exhibit 33% and 36% decreases in the normalized weight at D5 for Sed and Act rats, respectively (P<0.001; Fig. 2 ). There was a global effect of time and activity (P<0.001) on the normalized Reg muscle weight, with a significant time x activity interaction (P<0.001). Muscular activity enhanced the recovery of Page 12 of 44 /13 Reg muscle weight so that Reg-Act muscles rapidly grew up and had returned to control values at D21. In contrast, Reg-Sed muscles did not completely recover weight values similar to Int muscles, even 42 days after initial injury (17% less than Int-Sed muscles, P<0.01). The normalized weight of Reg muscles was higher in Act than in Sed rats from D21 to D42 (P<0.05; Fig. 2 ).
Histological and morphological aspects of regenerated muscles
Histological aspects of Int muscles were similar in sedentary (Fig. 3A) and active animals ( Fig. 3B) . At D7 of regeneration, all necrotic fibers appear to have been replaced by regenerated myofibers (Fig. 3C-3D ) The size of these fibers was still smaller than the noninjured fibers and most of regenerating fibers showed central nuclei. At 21 days after injury, the regeneration process was in progress and numerous small diameter fibers were present, especially in Sed animals ( Fig. 3E in comparison with Fig. 3F ). By 42 days after toxin injection, the polyhedric aspect of normal fibers was restored in Reg-Act muscles, while myofibers remained irregular with variable diameters and larger space between fibers and fibrosis in Reg-Sed muscles (Fig. 3G in comparison with Fig. 3H ).
The three-way analysis of variance evidenced a global effect of activity (P<0.01) and injury (P<0.001) on values of muscle cross-sectional area (CSA) measured at D21 and D42. Whole muscle CSA was 30% lower in Reg compared with Int muscles, but only in Sed rats throughout the experiment (P<0.05) ( Table 2 ). The corresponding mean fiber cross-sectional area (FCSA) was also lower than in Int muscles and in a more important extent than whole muscle CSA (68% and 63% at D21 and D42, respectively, P<0.001), with an associated increase in the number of fibers (133% and 83% at D21 and D42, P < 0.001 respectively). By contrast, CSA values of whole Reg muscles were similar to those of Int muscles in active rats During recovery from extended injury, running activity increased both muscle CSA (24%, NS, and 32%, P<0.05, at D21 and D42, respectively) and mean FCSA (63%, P<0.05 and 21%, NS, at D21 and D42, respectively) with a lower number of fibers only at D21 (23%, P<0.05) ( Table 2) .
Evaluation of the proliferative and the differentiation steps of the regenerative process
PCNA protein is longer expressed in regenerating muscles of active rats.
PCNA protein expression is a marker of cell proliferation. It was markedly increased at D5 after myotoxic injection in comparison with Int muscles (Fig. 4A) . PCNA protein levels decreased rapidly and had returned to control values at D14 in Sed animals. Although PCNA expression was lower in Reg-Act than in Reg-Sed at D7 (P<0.05), it decreased more slowly in Act than in Sed rats and the content of PCNA protein was 7.5-fold higher in Reg-Act than in Reg-Sed muscles at D14 (P<0.05).
MyoD protein levels increased at D14 in regenerating muscles of active rats.
MyoD expression is commonly used as a reliable marker of satellite cell activation. Although it can be expected that MyoD peaked earlier than 5 days after muscle injury, in the present experiment MyoD protein expression was still markedly increased in regenerated compared with intact muscles of both Act and Sed rats (global effect of injury, P<0.001, Fig. 4B ).
MyoD was expressed at the same level from D5 to D21 after muscle injury in Sed animals (P<0.05 compared with Int muscles). In Act rats, MyoD protein levels of Reg muscles increased at D14 in comparison with values measured at D7 (P<0.05) and had returned to levels measured in Int-Act group.
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Myogenin protein levels increased at D21 in regenerating muscles of active rats.
Myogenin is a protein known to be expressed during the terminal differentiation program. As expected, myogenin protein levels were higher in Reg than in Int muscles (global effect P<0.001) (Fig. 4C ). There was a marked effect of time (global effect P<0.001), with an interaction with muscle injury (P<0.001). As a result of this time x injury interaction the increased myogenin expression in Reg muscles was only observed at D5 (P<0.001, in comparison with Int muscles). Thereafter, myogenin protein levels decreased as soon as D7.
Moreover a significant increase in myogenin protein levels occurred in Act muscles, in comparison with Sed groups (global effect P<0.01).
MAP Kinase phosphorylation
Total p38 protein expression was lower in Reg than in Int muscles, mainly during the first step of regeneration (global effect of injury P<0.001), while total ERK-1/2 protein expression increased during muscle regeneration (global effect of injury P<0.001), with no difference between Sed and Act groups (data not shown).
There was no change on the phosphorylation level of both p38 and ERK-1/2 MAPK over time, in Int muscles of either Sed or Act animals (Fig. 5) . A global time effect was shown on the p38 phosphorylation level (P<0.01), with a significant interaction with muscle injury (P<0.01). Moreover, there was an interaction between activity and muscle injury (P<0.001), so that the increase in phosphorylated p38 expected at D14 in Reg muscles was only observed in Sed rats. This interaction also resulted from lower phosphorylated p38 values at D5 in RegAct group, in comparison with Reg-Sed muscles (P<0.05).
There was a global effect of both time and injury in the muscle content of phosphorylated ERK-1/2 (P<0.001), with an interaction between these factors (P<0.001). In contrast with Int Page 15 of 44 /16 muscles, an early increase in ERK-1/2 phosphorylation occurred during muscle regeneration at D5 and D7 (P<0.001), which declined progressively (Fig. 5B) . Moreover, the initial increase in ERK-1/2 phosphorylation reported early during muscle regeneration was less in Act than in Sed rats (P<0.05), while ERK-1/2 phosphorylation was higher in Reg-Act muscles than in Reg-Sed at D21 (P<0.05).
Phosphorylation of Akt, mTOR and its downstream effectors p70 s6k and 4E-BP1
The expression of total Akt protein was increased in regenerated muscles of both sedentary 
P<0.001 and significant interaction, P<0.001). Phosphorylated Akt levels were not affected by running activity (data not shown). As a consequence of both changes in total and
phosphorylated Akt, the ratio of phosphorylated to total Akt was increased in regenerating muscles compared with intact muscles from D5 to D14 without any difference between sedentary and active rats, and then decreased and returned to basal levels earlier in active than in sedentary rats (P<0.05 at D21) (Fig. 6A) .
No effect of time, injury or activity were found on the total amount of mTOR, 4E-BP1 and p70 s6k protein (data not shown). Phosphorylated mTOR levels were higher in Reg than in Int muscles (global effect, P<0.001, Fig. 6B ) and decreased sharply at D7 in Reg-Sed muscles and remained slightly higher than Int muscles over time. In contrast, Reg muscles from Act rats exhibited high phospho-mTOR levels until D14 in comparison with Sed animals (46%, 67%, at D7 and D14, respectively, P<0.05) and then decreased to values measured in Int muscles from D21.
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Both time and injury affected phosphorylated 4E-BP1 (global effects P<0.001), with a significant interaction between these factors (Fig. 6C) , so that a transient increase occurred at D7 in Reg muscles of both Sed and Act groups and that similar levels to Int muscles were recovered from 14 days after initial injury. Only a slight global effect of activity was detected (P<0.05), with higher levels of phosphorylated 4E-BP1 in Reg-Act compared with Reg-Sed at D7 and D14 (30% and 37%, respectively, P<0.05).
Phosphorylated p70
s6k levels increased only in regenerated muscles as soon as D5 after muscle injury and then decreased to recover levels similar to Int muscles at D21 (global effect of time and injury, P<0.001) (Fig. 6D ). However p70 s6k phosphorylation was higher in RegAct than in Reg-Sed at D14 (50%, P<0.01).
MurF1 and MAFbx mRNA
Activated Akt is known to decrease the activity of FOXO transcription factors leading to decrease the transcription of MurF1 and MAFbx atrogin genes. We showed that MurF1 and MAFbx mRNA in Reg-Act muscles mirrored Akt phosphorylation ( Fig. 7 and 6A , respectively). MurF1 and MAFbx mRNA levels were very low at D5 (P<0.05 in comparison with Int muscles) and increased regularly thereafter in Reg groups to recover transcript levels observed in Int muscles at D21. In Reg muscles, MurF1 and MAFbx mRNA were higher in Act than in Sed rats at D21 (81% and 159%, respectively, P<0.05).
AMPK phosphorylation
There was a global effect of time and injury on the expression of total AMPK protein levels (P<0.001) and a significant time x injury interaction (P<0.001) (data not shown). Total AMPK was low at the beginning of muscle regeneration and increased steadily to similar extent in Sed and Act groups. 
Discussion
The present study was designed to test the hypothesis that increasing contractile activity during the regeneration process may have beneficial effects on the recovery of muscle mass after extensive muscle injury and to investigate the intracellular mechanisms involved in this process. The main results were the following: 1) Increased contractile activity through running exercise during muscle regeneration ensured full recovery of soleus muscle mass as soon as 21 days after notexin-induced muscle degeneration; 2) The proliferation step of regeneration, estimated by the levels of PCNA and MyoD protein expression, went on longer in active than in sedentary rats; 3) The Akt-mTOR pathway was activated early during the regeneration process, with further increase of mTOR phosphorylation and its downstream effectors in active compared with sedentary rats; 4) This specific effect of running exercise on activation of the mTOR signaling pathway during muscle regeneration was associated with a concomitant decrease in the phosphorylation state of AMPK. Taken together, the results of this study provide evidence that increasing contractile activity during muscle regeneration leads to the early and full recovery of muscle mass after extensive injury. Moreover, these beneficial effects could be due to a longer proliferative step of myogenic cells and activation of mTOR signaling, independently of Akt, during the maturation step of muscle regeneration.
Skeletal muscle regeneration appears to be an interesting and fruitful model to study the molecular mechanisms involved in the control of skeletal muscle growth and the modulation of muscle mass. In the present study, we used notexin-induced soleus muscle degeneration, a well-defined model of muscle injury known to cause a rapid and extensive myofiber necrosis sparing satellite cells, followed by a complete and synchronous regenerative process (3, 22) . Using this reproducible model of muscle injury, we previously /20 showed that the recovery of muscle weight is a long process, only partially achieved 56 days after muscle injury (15) . This result is consistent with the present study since 42 days after initial muscle injury, regenerated soleus muscle weight remained 20% lower than that of intact muscles when animals were sedentary. The full recovery of muscle weight only 21 days after injury in active rats appeared then as a striking result, all the more noteworthy as morphological data clearly showed that this was achieved by the development of myofibers, with less fibrosis development than in regenerated muscles of sedentary rats. These results strengthen previous observations which suggested that physical activity ensured to limit the appearance of connective tissue in regenerating muscles (23) .
Such positive effects of running exercise on the recovery of muscle mass could be explained at least partly by a specific influence of contractile activity on the size of the myogenic cell pool available for regeneration and/or increased activity of signaling pathways involved in the control of muscle mass. In the present experiment, we used PCNA expression to examine the cellular activity during the proliferating step, as previously suggested (11).
Although we know that PCNA is not specific to satellite cells, it has been previously used as a biological marker to follow the entry of satellite cells into the cell cycle in primary mass cultures (25) . In our conditions, PCNA expression could be relevant to cellular events related to proliferation of satellite cells, other myogenic cells and/or infiltrating non myogenic cells.
However, the higher expression of PCNA observed in regenerating muscles from active rats at D14 in comparison with sedentary animals was associated with higher levels of MRFs expression, MyoD at D14 and then myogenin at D21, suggesting that at least part of proliferating cells may have myogenic capacities. These findings may suggest that muscle precursor cells were activated and then proliferated to a larger extent in active animals, and are consistent with an expansion of the myogenic cell pool necessary for myofiber formation. It has been shown that a single bout of unaccustomed high intensity exercise was able to activate satellite cells (7), while evidence of cell proliferation exists early after a single bout of voluntary running (5). The exercise training program used in the present study associated two different activities, voluntary wheel running activity, which consists of bouts of high speed running (9) and imposed treadmill running, which forces the animal to run for a sustained period in spite of its natural running behavior. Both activities have probably contributed to activate satellite cells (7, 8) and to promote stem cell proliferation and myogenesis (5) . These effects of running exercise on satellite cell activation, their proliferation and re-entry in the growth cell cycle are consistent with the faster recovery of muscle mass reported in running rats and suggest that running exercise may influence the early phase of muscle regeneration through the activation and proliferation of satellite cells.
Myogenesis is a dynamic process controlled by members of MRFs, in association with specific transcription cofactors such as members of the MEF2 family (33) . Although it could be expected that MyoD and Myogenin peaked earlier, present experiment shows that both MRF were still increased in regenerated muscles 5 days after muscle injury, with further elevated levels under running conditions at days 14 and 21 for MyoD and Myogenin, respectively. The exercise-induced increase in MyoD during the late and terminal steps of differentiation is consistent with the increased expression of muscle-specific genes and the fast recovery of muscle mass shown in exercised animals. Moreover, specific ERK-1/2 and p38 MAPKinases have been shown to have an important role in proliferation and early differenciation in cultured cells (33, 35) . We showed in the present study that the early steps of muscle regeneration were associated with high levels of phosphorylated ERK-1/2, which returned to basal values at D14. Surprisingly, ERK-1/2 protein was lower in active than in sedentary rats at D5, but the increased levels of this activated MAPK observed 21 days after Page 21 of 44 /22 muscle injury could favor the late steps of muscle differentiation through motornerve activity (36) . Although p38 MAPK activity plays an essential role in muscle differentiation (33) , p38 phosphorylation in active rats had returned to levels reported in Int-Sed muscles at D14. This finding is surprising and not consistent with the positive effects of exercise on muscle mass recovery. Nevertheless, because it has been shown that constitutive activation of p38 MAPK induced interstitial fibrosis, at least in heart (31), this early decrease to normal values may have protected regenerating active muscles against fibrosis, as attested by their histomorphological aspect.
In addition to molecular events related to activation, proliferation and differentiation of myogenic cells, regenerating skeletal muscle growth is also under the control of the PI3K-Akt pathway (36) , with mTOR as the major effector (38) . In the present study, Akt and mTOR phosphorylation were strongly and early increased during regeneration, whereas the expression of atrogin transcription factors MurF1 and MAFbx decreased in mirror, both in sedentary and active rats. The decreased expression of MurF1 and MAFbx, two genes that encode proteins required for ubiquitin-ligase activity (26) , is consistent with a slowdown of protein degradation during muscle growth. Interestingly, MurF1 and MAFbx mRNA had returned to control levels 21 days after muscle injury in active rats, when muscle weight had recovered values similar to those measured in non-injured muscles. However, whereas the level of Akt phosphorylation was the same in sedentary and active rats, phosphorylation of mTOR and its downstream targets 4E-BP1 and p70 s6k at D14 were higher in active than in sedentary rats. These results suggest for the first time that during muscle regeneration, physical activity increased the activation of mTOR, independently of Akt.
There is now experimental evidence that AMPK activation inhibits mTOR signaling, without significant alteration of Akt activity (27, 48) . One of the main results of the present /23 study was that increased mTOR phosphorylation in active rats during regeneration was associated with decreased levels of phosphorylated AMPK. These low levels of phosphorylated AMPK may have acted as a permissive effect on mTOR phosphorylation and then activation of its downstream targets (48) . Independently of changes in AMPK activity, other factors have been found to control mTOR signaling, among them nutrients, especially amino-acids such as leucine (21, 28) . Whether or not physical activity during muscle regeneration affected nutrient availability or induced changes in other factors known to control mTOR phosphorylation needs to be examined in further studies.
Another interesting result of this study was the decreased phosphorylation level of AMPK in skeletal muscle from active rats. It has been extensively reported that AMPK phosphorylation increased in skeletal muscle at the end of a single bout of exercise, before returning to basal value after one hour of recovery (43) . The basal activity of AMPK increased in human skeletal muscle in response to endurance training, at least 15h after the last exercise bout (18) . This is a surprising result because increased basal AMPK activity would slow down the increase in muscle protein synthesis commonly reported during recovery from endurance exercise (10) . Although there are discrepancies between our results and those reported previously in human muscle (18) , the decreased AMPK phosphorylation reported in the present study after running exercise may have played a physiological role during this period in enhancing the activity of the mTOR pathway, particularly in regenerating muscles.
In conclusion, results from the present study demonstrate that increasing contractile activity through both voluntary and forced running exercise ensured the full recovery of the soleus muscle mass after notexin-induced degeneration in only 21 days and avoided the development of fibrosis. The data suggest that in rats, physical exercise may enhance the Active rats were placed into individual cages with access to purpose-built running wheels, connected to an integrated system providing the total distance run daily (Wheel). These animals were also submitted to a daily forced treadmill running exercise 5 days a week. The running distance (Treadmill) increased over time until the fourth week (W4), due to the progressive increase of the speed and the duration of the exercise. The intensity of this treadmill exercise was higher during W5 and W6 than during W4 for the same distance run, due to the increase of the slope from 5% to 8%. Muscle cross-sectional area and fiber cross-sectional area were determined after hematein-eosin-safran staining by analyzing pictures covering the entire muscle.
Data are given at D21 and D42 for intact-sedentary (Int-Sed), intact-active (Int-Act), regenerated-sedentary (Reg-Sed) and regenerated-active (Reg-Act) soleus muscles. More than 1,000 fibers were analyzed. Data are presented as mean ± S.E.M.
* significantly different from intact group
